RECHARGEABLE LITHIUM ION BATTERY 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

5 The present invention relates to a rechargeable lithium ion battery 

and more specifically, to a rechargeable lithium ion battery in which 
power density is increased. 

2. Description of the Related Art 

10 Research of various secondary batteries, which can be used for a 

long period of time and rechargeable as a power source of various 
3 electronic devices and electric apparatuses, has been made. Among 
i others, active research and development have been made for a 
j rechargeable lithium ion battery having characteristics such that higher 
{15 energy density and higher power density can be realized in comparison 
[ with secondary batteries applied as commercially available such as 
* nickel-cadmium storage batteries and nickel-hydrogen storage batteries. 

The rechargeable lithium ion battery is commercialized as a power source 
1 of portable electric devices such as a cellular phone, a camcorder and a 
;20 laptop personal computer. 

j In addition, interest in an electric vehicle and a hybrid vehicle has 

been increasing so as to solve problems environmental pollution of the 
earth and greenhouse effect of the earth. Application of the rechargeable 
lithium ion battery as a power source of such vehicles has been expected. 

25 In applying the rechargeable lithium ion battery to vehicles and 

the like, the 6'attery is used as a battery module in which a plurality of the 
batteries are connected in series to obtain high power density. The 
battery module also has advantages of easy control and high stability. 

The rechargeable lithium ion battery has important characteristics 

30 such as energy density (i.e. energy per unit weight or energy per unit 
volume), power density (i.e. power per unit weight or power per umt 
volume) and cycle characteristic. Japanese Laid-Open Patent 
Publications Hll-31498 (published in 1999), Hll-297354 (published in 
1999) and Hll-329409(published in 1999) disclose technologies for 

35 improving the characteristics. 



SUMMARY OF THE INVENTION 
The Japanese Laid-Open Patent Publications Hll-31498 
discloses a method for improving capacity and cycle characteristic of 
batteries by adjusting the specific surface area of electrode active 
5 materials and the porosity of the electrode active material layer. 

However, although the relation between the specific surface area and the 
porosity of the electrode active material layer is considered, sufficient 
consideration is not given for the relative operation of the particle 
diameter of the electrode active materials, the electrode thickness and the 
10 porosity. Accordingly, sufficient power density cannot be obtained 
depending on the conditions of the electrode thickness and the particle 
^ diameter, and improvement of the rechargeable battery performance is 
S limited only by the adjustment of the specific surface area and the 

porosity of the electrode active material. 
715 Although the Japanese Laid-Open Patent Publication Hll-297354 

discloses a method for defining the concentration of electrolyte, it does 
not describe the correlation between the particle diameter of the active 
3 material or the electrode thickness and the concentration of the 
~ electrolyte. Accordingly, the power density cannot be effectively 
=f20 increased even if the concentration of the electrolyte is increased 
D depending on the conditions of the particle diameter of the active material 
and the electrode thickness because the lithium ion conductivity of 
electrolytic solution is reduced. 

In addition, the Japanese Laid-Open Patent Publication Hll - 
25 329409 discloses a method for improving the power density of the 

rechargeable lithium ion battery by defining the coating thickness of the 
electrode active material and the particle diameter of the active material. 
However, according to this method, there is a case where the energy 
density is reduced although the power density is increased. 
30 If the lithium rechargeable battery is used for an electric vehicle 

or a hybrid vehicle, high energy density is important to increase driving 
range and improved power density is also important to obtain a good 
acceleration. 

The object of the present invention is to provide a rechargeable 
35 lithium ion battery which is capable of using as an energy source for a 
vehicle and improving the power density without reducing the energy 
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density. 

To achieve the object, a first aspect of the present invention 
provides a rechargeable lithium ion battery which comprises a positive 
electrode; a negative electrode; and non-aqueous electrolytic solution, in 
5 which the positive electrode comprises an active material layer containing 
a positive electrode active material with the particle diameter of 5 '^m or 
less and having the thickness at a range of 20 to 80 \im. Also porosity 
of the active material layer is 50% or more. 

According to the first aspect of the present invention, since Ihe 
10 particle diameter of the positive electrode active material is 5 ^im oi less, 
the migration speed of lithium ion is not determined by diffusion of 
^ lithium ion in the positive electrode active material. Moreover, si ace 
£. the thickness of the active material layer is set at a range of 20 to 80 jxm, 
; =J shortage of the amount of the positive electrode active material in the 
7:15 thickness direction can be prevented within a range where the power 
density can be maintained. Also the porosity of the active material 
layer is 50%, there is enough amount of electrolyte solution in the active 
::j material layer to prevent decrease the power density. As a result, the 

power density can be increased without reducing the energy density. 
vf|20 Further, a second aspect of the present invention provides a 

rechargeable lithium ion battery which comprises a positive electrode; a 
negative electrode; and a non-aqueous electrolytic solution, in which the 
positive electrode has two active material layers, each of which contains a 
positive electrode active material with a different diameter and has a 
25 thickness at a range of 20 to 30 \xm inclusively. 

According to the second aspect of the present invention, since the 
active material layers have the different particle diameters, usage rate of 
the positive electrode active material in the layer thickness direction can 
be adjusted. Moreover, reduction of the energy density can be prevented 
30 by setting the thickness of each active material layer at a range of 20 to 
30 fim. Therefore, the power density can be increased without reducing 
the energy density. 

Still further, a third aspect of the present invention provides a 
vehicle which comprises the above rechargeable lithium ion battery which 
35 has the first aspect or the second aspect. 
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FtttTKF DESCRIPTION OF THE DRAWINGS 
Fig. 1 is a perspective view showing a structure example of a 
rechargeable lithium ion battery according to embodiments of the present 
invention. 

Fig. 2 is a schematic sectional view showing a structure example 
of an active material layer in a positive electrode according to the 
embodiments of the present invention, which shows the active material 
layer where the porosity and the thickness are defined. 

Fig. 3 is a schematic sectional view showing a structure example 
of an active material layer in a positive electrode according to the 
embodiments of the present invention, which shows the active material 
layer having two layers of the different porosities. 

Fig. 4 is a schematic sectional view showing a structure example 
of an active material layer in a positive electrode according to the 
embodiments of the present invention, which shows the active material 
layer having two layers where the particle diameters of the positive 
electrode active materials are different. 

Fig. 5 is a graph showing the relation between the thickness of the 
active material layer (in the positive electrode) and the power density of 
the rechargeable lithium ion battery in each of example 1, comparative 
example 1 and comparative example 2. 

Fig. 6 is a graph showing the relation between the layer structure 
of the active material layer and the power density of the rechargeable 
lithium ion battery in each of example 2, example 3 and example 4. 

Fig. 7 is a graph showing the relation between the layer structure 
of the active material layer and the energy density of the rechargeable 
lithium ion battery in each of example 2, example 3 and example 4. 

Fig. 8 is a graph showing the relation between the layer structure 
of the active material layer and the power density of the rechargeable 
lithium ion battery in each of example 5 and example 6. 

Fig. 9 is a graph showing the relation between the layer structure 
of the active material layer and the energy density of the rechargeable 
lithium ion battery in each of example 5 and example 6. 

Fig. 10 is a graph showing the relation between the layer structure 
of the active material layer in the positive electrode and the power density 
of the rechargeable lithium ion battery in each of comparative example 3 
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and example 6. 

Fig. 11 is a graph showing the relation between the layer structure 
of the active material layer and the energy density of the rechargeable 
lithium ion battery in each of comparative example 3 and example 6, 
5 Fig. 12 is a graph showing the relation between the particle 

diameter of the positive electrode active material and the power density 
of the rechargeable lithium ion battery in each of example 7 and 
comparative example 4. 

Fig. 13 is a graph showing the relation between the thickness of 
10 the active material layer and the power density of the rechargeable 
lithium ion battery in each of example 8 and example 9. 

* DETAILE D DESCRIPTION OF THE EMBODIMENT 

:U| The rechargeable lithium ion battery according to embodiments of 

£15 the present invention is a chargeable-dischargeable battery comprising a 
gj[ positive electrode and a negative electrode, which can be reversibly 
M* intercalated with lithium ion, and non-aqueous electrolyte exhibiting 

lithium ion conduction. The positive electrode and the negative 
m electrode are separated by a separator to prevent them from contacting 
;J£20 directly with each other to make a short circuit. 

Fig. 1 shows a structure example of the rechargeable lithium ion 
M battery called a jerry roll type. As shown in Fig. 1, a wound device in a 
roll fashion, which includes a positive electrode 10 with a positive 
electrode active material coated on both surfaces of a metal foil collector 
25 (i.e. a collecting electrode), a negative electrode 20 with a negative 
electrode material coated on both surfaces of a metal foil collector 
similarly, and a separator 30 interposed between the both electrodes, is 
accommodated in a cylindrical sealing case 40. An electrolyte 
(electrolytic solution) is filled between the positive electrode 10 and the 
30 negative electrode 20. 

Other than the jerry roll type as shown in Fig. 1, there exists a 
structure in which the positive electrode, the separator and the negative 
electrode, which are shaped in sheets, are layered in order, as the 
rechargeable lithium ion battery 
35 As the positive electrode active material, lithium metal oxide, 

various types of widely known positive electrode active materials such as 
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complex oxide in which a part of the lithium metal oxide is substituted 
with other elements and manganese oxide can be used appropriately. 
Specifically, as the lithium metal oxide, LiCo0 2 , LiNi0 2 , LiMn0 25 
LiMn 2 0 4j Li x FeO Y , Li x V Y 0 2 and the like are listed. As the complex 
5 oxide in which a part of the lithium metal oxide is substituted with other 
elements, Li x Co Y M 2 0 2 (M is Mn, Ni, V or the like), Li x Mn Y M 2 0 2 (M is Li, 
Ni, Cr, Fe, Co or the like) and the like are listed. As the manganese 
oxide, ^-Mn0 2J composite of Mn0 2 and V 2 0 5 , Mn0 2 • x V 2 O 5 (0< x <0.3 ) as a 
ternary complex oxide, and the like are listed. 
10 As the negative electrode active material, carbon material such as 

hard carbon, soft carbon, graphite and activated carbon, and metal oxide 
q such as SnB x P Y 0 2 , Nb 2 O s , LiTi x O Y , LiFe x N Y and LiMn x N Y can be used 
4f singly or in a mixed state. Herein, the hard carbon means to the carbon 
;Tl material that is not graphitized when heat treatment is performed at 
; fiL5 3000°C. The soft carbon means to the carbon material that is 
iL i graphitized when heat treatment is performed at a range of 2800°C to 
U 3000°C. Note that various well known technologies can be used for 
\L manufacturing the hard carbon, such as a method using furan resin, an 
m organic material in which oxygen is bridged to petroleum pitch having an 
[ISO H/C atomic ratio at a range of 0.6 to 0.8 inclusively as a starting 
S substance. And, for manufacturing the soft carbon, a method using coal, 
H high polymer (polyvinyl chloride resin, polyvinyl acetate, polyvinyl 

butylate or the like), pitch or the like as the starting material can be used. 
As a method for fabricating the positive electrode by forming the 
25 active material layer on the collector, for example, a method of 

manufacturing the positive electrode is used, in which the positive 
electrode active material is mixed with a binder in a solvent to be in a 
paste state, and the paste is coated on the positive electrode collector, and 
dried. 

30 In addition, as a method for fabricating the negative electrode by 

forming the negative electrode active material layer on the negative 
electrode collector, a method in which the negative active material :s 
mixed with a binder in a solvent to be in a paste state, and the paste is 
coated on the negative electrode collector, and dried, can be used. The 

35 paste is normally coated on the both sides of the collector. Note that a 
conductive substance such as carbon black, graphite and acetylene black 
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may be added to the paste. It is preferable that the mixing ratio of the 
active material and the binder is appropriately determined for the shape of 
the electrode. 

As the collector, various material used in the rechargeable lithium 
5 ion battery can be used. Specifically, an aluminum foil and a copper 
foil are listed as the positive electrode collector and the negative 
electrode collector respectively. 

Polyvinylidene fluoride (PVDF), polytetrafluoroethylene and the 
like can be listed as the binder, and various kinds of a polar solvent can 
10 be used as the solvent. Specifically, dimethylformamide, 

dimethylacetamide, methylformamide, N-methylpyrrolidone (NMP) and 
o the like can be listed. Note that N-methylpyrrolidone is preferably used 
; B when polyvinylidene fluoride is used as the binder. 

•tt As the non-aqueous electrolytic solution, various kinds of solvent 

il5 exhibiting lithium ion conduction are preferable, where cyclic ester 
/: carbonate such as ethylene carbonate (EC), propylene carbonate (PC) and 
H butylene carbonate (BC) can be used singly or by appropriately mixing 
1, them. Moreover, to increase the electric conductivity and to obtain the 
m electrolytic solution having an appropriate viscosity, dimethyl carbonate 
W20 (DMC), diethyl carbonate (DEC), y-butyrolactone, yvalerolactone, ethyl 
A" acetate, methyl propionate and the like can be used in combination. 
P LiPF 6 , LiBF 4 , LiC10 4 , LiAsF 6 , LiCF 3 S0 4 and the like can be listed 

as the electrolyte in the non-aqueous electrolytic solution. 

A micro porous film of polyolefin based resin such as 
25 polyethylene and polypropylene can be used as the separator. 

The rechargeable lithium ion battery according to this embodiment 
can be manufactured by appropriately combining the above-described 
positive electrode, negative electrode, non-aqueous electrolytic solution 
and separator. In addition, various kinds of substance and shape can be 
30 applied for the battery canister, the battery shape and the like. 

Next, a first feature of the rechargeable lithium ion battery 
according to this embodiment will be explained. 

As shown in Fig. 2A, the rechargeable lithium ion battery 
according to this embodiment has a positive electrode comprising a 
35 collector 30 (i.e. a collecting electrode) and an active material layer 20 
formed on the collector 30. The active material layer 20 contains 
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positive electrode active material 10. The particle diameter of the positive 
electrode active material 10 is set to 5 \im or less, and more preferably to 
1 \xm or less, and the thickness of the active material layer 20 is set to a 
range of 20 to 80 ^im, and more preferably to at a range of 20 to 30 im. 
5 For example, the active material layer 20 is obtained by mixing 

various kinds of component such as the positive electrode active material 
10 and the binder in the solvent to make paste, coating the past on the 
surface of the collector 30 and drying the coated paste. When the active 
material layers are formed on the both sides of the collector 30 according 
10 to a normal method, each of the active material layers is made to be an 
independent active material layer. Further, the particle diameter of the 
in positive electrode active material 10 means an average particle diameter. 
i; 0 Moreover, in the rechargeable lithium ion battery the surface of 

fi the active material layer 20 substantially contacts a separator 40, and void 
Cl5 portions in the active material layer are filled with electrolytic solution 
7i 50. The positive electrode and the negative electrode are reversibly 
ju intercalated with lithium ions. At the time of discharging the rechargeable 
% lithium ion battery lithium ions migrate to the positive electrode via the 
S electrolytic solution from the negative electrode. 

11120 If the particle diameter of the positive electrode active material 10 

i; is large, lithium ion diffusion in the positive electrode active material 10 
:U particle is in a rate-determining step at the time of discharging a large 

current rather than the migration of lithium ion in the electrolytic solution 
50 in the electrode in the layer thickness direction of the active maierial 
25 layer, which is a cause for the power density reduction. Accordingly, it 
is preferable that the particle diameter of the positive electrode active 
material 10 is 5 \xm or less. Although the lowest limit value of the 
particle diameter of the positive electrode active material 10 is not 
particularly limited, 0.1 \im or more is appropriate practically. In 
30 addition, if the thickness of the active material layer 20 is smaller than 20 
|Lim, the power density becomes small due to shortage of the positive 
electrode active material amount, which is not preferable. On the other 
hand, if the thickness exceeds 80 fim, internal resistance is increased and 
the power density becomes small, which is also not preferable. 
35 Under the condition that the particle diameter of the positive 

electrode active material 10 is small such that the particle diameter of the 
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positive electrode active material 10 is 5 \xm or less, the migration of 
lithium ion in the electrolytic solution 40 in the electrode in the layer 
thickness direction is considered to be in the rate-determining step at the 
time of discharging the large current. Accordingly, if the porosity of the 
5 active material layer 20 becomes large, the electrolytic solution amount 
in the electrode increases and the migration power of lithium ion in the 
electrolytic solution in the electrode in the layer thickness direction 
increases. Thus, the power density is further increased. However, 
if the porosity of the active material layer 20 is less than 50%, the 
10 electrolytic solution amount cannot be secured in accordance with the 

amount of the positive electrode active material 10. Thus the resistance 

q increases to reduce the power density. Therefore, the porosity of the 
active material layer 20 is preferably 50% or more. In addition, if the 

2 porosity exceeds 60%, shortage of the amount of the positive electrode 

: ; fijl5 active material 10, that is, reduction of a positive electrode surface area 
makes the power density gradually reduced. Accordingly, the porosity 

m is more preferably at a range of 50 to 60%. 

%. On the contrary, under the condition that the particle diameter of 

CO the positive electrode active material 10 is larger than 5 \im, the lithium 
fy20 ion diffusion in the positive electrode active material 10 is in the rz.te- 
S determining step. Therefore, the power density cannot be increased 
H even if the porosity is raised to increase the amount of the electrolytic 
solution 50 in the electrode. The power density is rather decreased 
because the amount of the positive electrode active material 10 is 
25 reduced. 

As described above, the thickness of the active material layer 20 is 
preferably 20 \im or more to increase the power density by defining the 
porosity of the active material layer 20. This is because the influence of 
the lithium ion migration in the electrolytic solution 50 in the electrode in 

30 the layer thickness direction and the porosity is small when the layer 
thickness is thin. 

The active material layer 20 may have a structure where a 
plurality of active material layers having different porosities are layered. 
For example, as shown in Fig. 3, the active material layer 20 may have a 

35 two layer structure having active material layers 20A and 20B, each of 
which has a different porosity. In this case, the power density can be 
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increased without sacrificing the energy density. Specifically, it is 
preferable that the porosity of the active material layer 20B closer to the 
separator is made larger and the porosity of the active material layer 20A 
closer to the collector is made smaller. The amount of the electrolytic 
solution 50 in the vicinity of the separator 40 can be increased and the 
migration power of lithium ion can be increased by making the poros:ty of 
the active material layer 20B adjacent to the separator 40 large. 
Moreover, a usage rate of the positive electrode active material 10 in the 
vicinity of the collector 30 can be increased by making the porosity in the 
vicinity of the collector 30 small. Considering the above characteristics, 
the power density can be effectively increased by balancing the diffusion 
in the positive electrode active material 10 and the migration in the 
electrolytic solution 50. Since the energy density is influenced by an 
average porosity and the active material amount of the active material 
layer 20, the power density can be increased without sacrificing the 
energy density by appropriately adjusting the average porosity and the 
amount of the active material. For example, an electrode having the 
single active material layer of the porosity of 50% and the thickness of 60 
\im, and an electrode that consists of a layered active material layer, 
which has a first active material layer of the porosity of 40% and the 
thickness of 30 \xm closer to the collector and a second active material 
layer of the porosity of 60% and the thickness of 30 \im closer to the 
separator, have the equal energy density. This is because the average 
porosities and the amounts of the active material of the two electrodes are 
equal. 

As shown in Fig. 3, in the case where the electrode includes two 
active material layers 20A and 20B having the different porosities, the 
thickness of the active material layers 20A and 20B is preferably at a 
range of 20 to 30 |Lim, and more preferably at a range of 20 to 25 \im. 
The thickness may be different between the active material layers 20A 
and 20B. This is because the energy density tends to become small if 
the thickness of each of the active material layers 20A and 20B is more 
than 30 (Am, and the usage rate of the active material layer 20A closer to 
the collector 30 increases if less than 30 \xm. The porosity of the active 
material layer 20A closer to the collector 30 is preferably 30% or more 
and less than 50%, and more preferably 40% or more and less than 50%. 
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The porosity of the active material layer 20B closer to the separator is 
preferably at a range of 50% to 60%, and more preferably at a range of 
50% to 55%. More effect can be obtained by adjusting the porosity 
within the above ranges. 

Next, a second feature of the rechargeable lithium ion battery 
according to this embodiment of the present invention will be explained. 

As shown in Fig. 4, the rechargeable lithium ion battery according 
to this embodiment comprises active material layers 21A and 21B 
respectively containing positive electrode active materials 10A and LOB 
with the different particle diameters in the positive electrode. The 
power density can be increased by this constitution. 

Generally, the migration of lithium ion in the electrolytic solution 
in the electrode in the layer thickness direction of the active material 
layer tends to be in the rate-determining step at the time of discharging 
the large current. Accordingly, sufficient lithium ion does not reach the 
vicinity of the collector, the positive electrode active material cannot be 
utilized effectively, and thus the power density tends to be reduced. 

To solve this problem it is preferable that the particle diameter of 
the positive electrode active material near the separator 40 is made 1o be 
larger. Accordingly, the electrode surface area near the separator 40 is 
reduced, the usage rate of the positive electrode active material near the 
separator 40 is reduced, and thus lithium ion can migrate more easily to 
the vicinity of the collector 30. As a result, the usage rate of the 
positive electrode active material near the collector 30 increases, and the 
usage rate of the electrode active material is totally increased, thus 
increasing the power density. The amount of the positive electrode 
active material is appropriately adjusted such that the total amounts in the 
active material layer of the single layer structure and in the active 
material layer of the two layer structure become equal, and thus the power 
density can be increased without sacrificing the energy density. 

The advantage from adopting the active material layer of the two 
layer structure exhibits when the particle diameter of the positive 
electrode active material 10B near the separator 40 is so large that the 
usage rate of the positive electrode active material near the separator 40 
is reduced. Therefore, if the thickness of the active material layer 21B 
closer to the separator 40 is thicker than required, the usage rate of the 
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positive electrode active material 10B near the separator 40 is increased. 
Thus, the advantage of the two layer structure becomes small, which is 
not preferable. The power density is also reduced if the thickness of the 
active material layer 21A closer to the collector 30 is thicker than 
5 required, which is not preferable. Therefore, the thickness of each layer 
is preferably 30 \xrn or less, and more preferably 25 |uim or less. The 
lowest limit value of the thickness of each active material layer is 
preferably 20 \xm in order to prevent reduction of the energy density. 
This is because the weight ratio of the collector and the like in the battery 
10 becomes large if the thickness of the active material layer is less thsn 20 
\xm. 

G Moreover, if the particle diameter of the active material layer 21A 

/f{ closer to the collector 30 is 5 \im or more, or if the active material 

y particle diameter of the active material layer 21B closer to the separator 

]r%5 40 is less than 5 \im, the effect of increasing the power density becomes 

M= small, which is not preferable. The lowest limit value of particle 

^ diameter rl of the positive electrode active material 10A closer to the 

collector 30 is not particularly limited. But, it is practically appropriate 
S that the value is 0.1 |j,m or more. It is preferable that the upper limit of 
\"~20 the particle diameter of the positive electrode active material 10B of the 
q active material layer 20B closer to the separator 40 is appropriately 
^ selected in a range where the active material particle diameter does not 
become larger than the thickness of the active material layer. From the 
above viewpoint, the particle diameter of the positive electrode active 
25 material 10A of the active material layer 21A closer to the collector 30 is 
preferably 0.1 yon or more and less than 5 ^im, and more preferably 1 \im 
or more and less than 5 ^im. The particle diameter of the positive 
electrode active material of the active material layer 21B closer to :he 
separator 40 is preferably at a range of 5 jam to 20 \im inclusively, and 
30 more preferably at a range of 5 |u,m to 10 jim. 

Note that the particle diameter of the positive electrode active 
material can be adjusted by the particle diameter of the starting material 
or classification thereof, and the porosity of the active material layer can 
be adjusted by changing pressure when pressing the layer after the paste 
35 containing the positive electrode active material and the conductive 
material is coated on the collector and dried. 
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In the above description, the two layer structure is mainly 
explained, however, the similar effect can be obtained by adjusting the 
porosity of the active material layer, the particle diameter of the active 
material and the thickness of the active material layer even if the layer 
5 structure has a multi-layer structure of three layers or more.. 

In the case of adopting the multi-layer structure, coating can be 
sequentially formed to n-th layer by a method in which a first layer is 
coated on the collector and a second layer is coated thereon. 
Alternatively, the multi-layer structure also can be formed by utilizing the 
10 difference of the sedimentation velocity of the particles of the different 
sizes. 

-Q In the rechargeable lithium ion battery of this embodiment 

^ described above, it is preferable that the positive electrode active 
Q material is lithium manganese oxide from the viewpoint of obtaining a 
;S15 high power density. Since manganese is much more inexpensive than 
,Z cobalt and nickel and abundant as resource, it is also preferable from the 
viewpoint of a manufacturing cost. Specific example of the lithiutn 
manganese oxide, LiMn0 2 and LiMn 2 0 4 are listed. 
51 In order to increase the power density in the rechargeable lithium 

; y20 ion battery of this embodiment, the electrolyte concentration of the non- 
f S. aqueous electrolytic solution is preferably at a range of 1.0 to 3.0 mol/1, 
^ and more preferably at a range of 1.5 to 2.5 mol/I. By using the 

electrolytic concentration in the above ranges, the diffusion in the active 
material and the migration in the electrolytic solution are balanced and 
25 the preferable power density can be obtained. 

When the particle diameter of the positive electrode active 
material is small, or when the porosity of the active material layer is large, 
the migration of lithium ion in the electrolytic solution in the electrode in 
the layer thickness direction is in the rate-determining step at the time of 
30 discharging the large current. Accordingly, if the electrolyte 

concentration is made large, concentration polarization is controlled and 
the migration power of lithium ion in the electrolytic solution in the 
electrode in the layer thickness direction increases, thus the power 
density increases. If the electrolyte concentration exceeds 3.0 mol/1, 
35 influence of the lithium ion conductance of the electrolytic solution 

emerges to reduce the power density, which is not preferable. And, if 
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the electrolyte concentration is less than 1.0 mol/1, the internal resistance 
of the battery increases, which is also not preferable. A voltage at the 
time of discharging can be held at a high level and stabilized by adjusting 
the electrolyte concentration at the range of 1.5 to 2.5 mol/1. 
5 The relation between the particle diameter of the positive 

electrode active material and the electrolyte concentration could also 
influence the power density. Specifically, when the particle diameter of 
the positive electrode active material is larger than 5 ^xm, lithium ion 
diffusion in the positive electrode active material particle is in a rate- 
10 determining step at the time of discharging the large current rather than 
the migration of lithium ion in the electrolytic solution in the electrode in 
p the layer thickness direction. Accordingly, the influence of the 
"tf concentration of the electrolytic solution is small, and the power density 
|T| does not increase as expected even if the electrolyte concentration is 
; ; fl5 increased. Therefore, when the active material layer is formed in the 
iL ? multi-layer structure of two layers or more, it is preferable that the active 
m material particle diameter of the active material layer closer to the 
)L collector is made to be less than 5 [xm. 

In addition, the electrolyte is preferably LiPF 6 or LiBF 4 from the 
iSO viewpoint that the power density is increased by using a compound having 
S high electrical conductivity. 

•M Note that the particle diameter of the positive electrode active 

material, the porosity and the thickness of the active material layer can be 
measured by a method measuring various particle distribution such e.s a 
25 screening test and a sedimentation method, a specific gravity of 
constituent substance, and a micrometer, respectively. 

As described above, in the rechargeable lithium ion battery of this 
embodiment, the high power density can be obtained while maintaining 
the energy density. Therefore, it can be utilized best as a power source 
30 of the electric vehicle and the hybrid vehicle. 

EXAMPLES 

[Relation among the particle diameter of the positive electrode active 
material, the thickness of the active material layer and the porosity 
35 thereof, and the power density] 
(Example l) 
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Lithium manganese oxide (LiMn0 2 ) having the average particle 
diameter of 3 \xm was used as the positive electrode active material. 
The specific surface area of the positive electrode active material was 
about 3 m 2 /g. 75 wt% of the positive electrode active material, 10 wt% 
of acetylene black as the conductive material and 15wt% of PVDF as, the 
binder were mixed in NMP and coated on the aluminum foil (collector). 
Thus, a plurality of positive electrodes having the different porosities of 
the active material layers in the thickness of the active material layer of 
60 \xm were fabricated. The porosity was adjusted by the amount of the 
solvent, drying conditions and the pressing of the electrode. Metal 
lithium was used for the negative electrode active material, and a mixture 
of PC and DMC (volume ratio 1:1), in which 1M of LiPF 6 was dissolved, 
was used as the electrolytic solution. Thus, a plurality of the 
rechargeable lithium batteries having the different porosities of the active 
material layers were fabricated. 

(Comparative example l) 

A plurality of the rechargeable lithium batteries having the 
different porosities were fabricated by using the same conditions as those 
of Example 1 except that the average particle diameter of the positive 
electrode active material is 30 jim. 

(Comparative example 2) 

A plurality of the rechargeable lithium batteries having the 
different porosities were fabricated by using the same conditions as those 
of Example 1 except that the thickness of the active material layer is 10 
urn. 

Fig. 5 shows the relation between the porosity of the active 
material layer and the power density (a relative value when setting ihe 
power density at 40% of the porosity as 1) of the rechargeable lithium ion 
battery in each of Example 1, Comparative example 1 and Comparative 
example 2. The power density of the battery of Example 1 reached the 
maximum value at a range of 50 to 60% of the porosity, while the power 
density of the batteries of Comparative examples 1 and 2 are reduced as 
the porosities became larger. 

[Effects of the active material layer structure having two layers with 
different porosities] 
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(Example 2) 

The lithium manganese oxide (LiMn0 2 ) having the average 
particle diameter of 3 juim was used as the positive electrode active 
material. The specific surface area of the positive electrode active 
5 material was about 3 m 2 /g. 75wt% of the positive electrode active 

material, 10wt% of acetylene black as the conductive material and 15wt% 
of PVDF as the binder were mixed in NMP and coated on the aluminum 
foil (collector). Thus, a first active material layer having the porosity 
of 40% and the thickness of 30 \xm was formed. Moreover, a second 
10 active material layer having the porosity of 60% and the thickness of 30 
\xm in the same composition was layered on the first active material layer, 
r; The porosity was adjusted by the amount of the solvent, the drying 
% conditions and the pressing of the electrode. The rechargeable lithium 
ion battery was fabricated by using the positive electrode having the two 
;M5 active material layers of the different porosities, which were fabricated as 
; J described above, the negative electrode containing the negative electrode 
: ^ active material, which consists of the metal lithium, and the electrolytic 
solution that consists of the mixture of PC and DMC (volume ratio 1:1) 
;gg dissolving 1M of LiPF 6 therein. 
; \M20 (Example 3) 

^ The lithium manganese oxide (LiMn0 2 ) having the average 

H r particle diameter of 3 ^im was used as the positive electrode active 
material. The specific surface area of the positive electrode active 
material was about 3 m 2 /g. 75wt% of the positive electrode active 

25 material, 10wt% of acetylene black as the conductive material and 15wt% 
of PVDF as the binder were mixed in NMP and coated on the aluminum 
foil (collector). Thus, the positive electrode having the 50% porosity of 
the active material layer and the 60 f^m thickness of the active material 
layer was fabricated. The porosity was adjusted by the amount of the 

30 solvent, the drying conditions and the pressing of the electrode. The 
rechargeable lithium ion battery was fabricated by using the positive 
electrode fabricated as described above, the negative electrode active 
material that consists of the metal lithium, and the electrolytic solution 
that consists of the mixture of PC and DMC (volume ratio 1:1) dissolving 

35 1M of LiPF 6 therein. 
(Example 4> 
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The lithium manganese oxide (LiMn0 2 ) having the average 
particle diameter of 3 was used as the positive electrode active 
material. The specific surface area of the positive electrode active 
material was about 3 m 2 /g. 75wt% of the positive electrode active 
5 material, 10wt% of acetylene black as the conductive substance and 
15wt% of PVDF as the binder were mixed in NMP and coated on the 
aluminum foil (collector). Thus, the first active material layer having 
the porosity of 40% and the thickness of 20 \im was formed. Moreover, 
the second active material layer having the porosity of 60% and the 
10 thickness of 40 \xm in the same composition was layered on the first 

active material layer. The porosity was adjusted by the amount of the 
£3 solvent, the drying conditions and the pressing of the electrode. Ttius, 
: f the positive electrode having the active material layer of the two layer 
2 structure with the total thickness of 60 ^m was fabricated. The 
€15 rechargeable lithium ion battery was fabricated by using this positive 
,J: electrode, the negative electrode using the negative electrode active 
H material that consists of the metal lithium, and the electrolytic solution 
% that consists of the mixture of PC and DMC (volume ratio 1:1) dissolving 
m 1M of LiPF 6 therein. 

Il20 Fig. 6 shows the power density (a relative value when setting the 

power density of Example 3 as 1) of the battery in each of Examples 2 to 
ft 4. The power density increased by allowing the active material layer to 
have the two layer structure. In addition, in the case of the two layer 
structure, the power density could be increased more effectively when the 
25 thickness of each active material layer is set at 30 \im or less. 

Next, Fig. 7 shows the energy density (a relative value when 
setting the energy density of Example 3 as 1) of the battery in each of 
Examples 2 to 4. The energy densities of Examples 2 and 3 were equal. 
This is because the average porosities of Examples 2 and 3, and the 
30 amounts of the positive electrode active material of Examples 2 and 3 are 
equal severally. Although the power density of Example 4 increased in 
comparison with Example 3 having the active material layer of the single 
layer structure, the energy density was smaller. 

35 [Effects of the active material layer structure having two layers with 
different particle diameters of the positive electrode active material] 
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{Example 5) 

Two kinds of the lithium manganese oxide (LiMn0 2 ) having the 
average particle diameter of 3 \im and 9 ^im were used as the positive 
electrode active material. 75wt% of the positive electrode active 
5 material with the average particle diameter of 3 \xm 7 10wt% of acetylene 
black as the conductive substance and 15wt% of PVDF as the binder were 
mixed in NMP and coated on the aluminum foil (collector). Thus, the 
first active material layer having the thickness of 30 \xm was fabricated. 
The second active material layer having the thickness of 30 [xm, which 
10 was fabricated in the same method by using the positive electrode active 
material having the average particle diameter of 9 ^xm, was layered on the 
s=s first active material layer. The positive electrode having the active 
: 0 material layer of the two layer structure with the thickness of 60 \im was 
Tf* thus fabricated. The rechargeable lithium ion battery was fabricated by 
yj5 using this positive electrode, the negative electrode containing the 
Z 4 negative electrode active material that consists of the metal lithium, and 

the electrolytic solution that consists of the mixture of PC and DMC 
^ (volume ratio 1:1) dissolving 1M of LiPF 6 therein. 
;S (Example 6) 

f|20 The positive electrode having the active material layer of the 

X? single layer structure with the thickness of 50 \im was fabricated in the 
1* same method as that of Example 5 by using the lithium manganese oxide 
(LiMn0 2 ) having the average particle diameter of 3 fim as the positive 
electrode active material. The rechargeable lithium ion battery was 
25 fabricated by using the positive electrode, the negative electrode 

containing the negative electrode active material, which consists of the 
metal lithium, and the electrolytic solution that consists of the mixture of 
PC and DMC (volume ratio 1:1) dissolving 1M of LiPF 6 therein. 

Fig. 8 shows the power density (a relative value when setting the 
30 power density of Example 6 as 1) in each of Examples 5 and 6. Example 
5 having the active material layer of the two layer structure in which each 
layer has the different particle diameter shows the higher power density. 
In addition, Fig. 9 shows the energy density (a relative value when setting 
the energy density of Example 6 as 1) in each of Examples 5 and 6. The 
35 energy densities of Examples 5 and 6 were equal. This is because the 

amounts of the positive electrode active material of Examples 5 and 6 are 
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equal. 

[Effects of the thicknesses of the two active material layers with different 
particle diameters of the positive electrode active material] 
5 (Comparative example 3) 

Two kinds of the lithium manganese oxide (LiMn0 2 ) having the 
average particle diameters of 3 jmm and 9 \xm were used as the positive 
electrode active material. 75wt% of the positive electrode active 
material with the average particle diameter of 3 jam, 10wt% of acetylene 
10 black as the conductive substance and 15wt% of PVDF as the binder were 
mixed in NMP and coated on the aluminum foil (collector). Thus, the 
D first active material layer having the thickness of 20 (iim was fabricated. 
'% The second active material layer having the thickness of 40 jLim, which 
yj was fabricated in the same method by using the positive electrode active 
material having the average particle diameter of 9 (im, was layered on the 
;u first active material layer. The positive electrode having the active 
I s * material layer of the two layer structure with the thickness of 60 [im was 
™, thus fabricated. 

||1 The rechargeable lithium ion battery was fabricated by using the 

"1^20 positive electrode, the negative electrode containing the negative 
,S electrode active material that consists of the metal lithium, and the 
;M : electrolytic solution that consists of the mixture of PC and DMC (volume 
ratio 1:1) dissolving IM of LiPF 6 therein. 

Fig. 10 shows the power density (a relative value when setting the 
25 power density of Comparative example 3 as 1) in each of Comparative 

example 3 and Example 6. The power density of Comparative example 3 
is low because the usage rate of the active material near the separator is 
reduced due to the large particle diameter of the positive electrode active 
material closer to the separator and the usage rate of the positive 
30 electrode active material near the collector was also reduced since the 
thickness of the active material layer closer to the separator was thick. 
In addition, Fig. 11 shows the energy density (a relative value when 
setting the energy density of Comparative example 3 as 1) in each of 
Comparative example 3 and Example 6. The specific energies of 
35 Comparative example 3 and Example 6 were equal. This is because the 
amounts of the positive electrode active material of Comparative example 
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3 and Example 6 are equal. 

[Influence of the particle diameter of the positive electrode active 
material and the electrolyte concentration to the power density] 
(Example 7) 

The lithium manganese oxide (LiMn0 2 ) having the average 
particle diameter of 3 ^m was used as the positive electrode active 
material. 75% by weight of the positive electrode active material 

with the average particle diameter of 3 \xm 9 10% by weight of acetylene 
black as the conductive substance and 15% by weight of PVDF as the 
binder were mixed in NMP and coated on the aluminum foil (collector). 
Thus, the positive electrode having the active material layer with the 
thickness of 30 ^xm was fabricated. A plurality of the rechargeable 
lithium batteries were fabricated by using this positive electrode, the 
negative electrode containing the negative electrode active material, 
which consists of the metal lithium, and the electrolytic solution that 
consists of the mixture of PC and DMC (volume ratio 1:1) dissolving 
LiPF 6 with the different concentrations therein. 
(Comparative example 4) 

A plurality of the rechargeable lithium batteries were fabricated 
by using the same conditions as those of Example 7 except that the 
lithium manganese oxide (LiMn0 2 ) with the average particle diameter of 
30 ^im was used as the positive electrode active material. 

Fig. 12 shows the relation between the electrolyte concentration 
and the power density (a relative value when setting the power density at 
the time of 1 mol/1 of the electrolyte concentration as 1) in each of 
Example 7 and Comparative example 4. Example 7 had the maximum 
power density when the electrolyte concentration was 2 mol/1. On the 
contrary, Comparative example 4 did not show the power density increase 
even after the electrolyte concentration was increased. 

[Influence of the thickness of the active material layer and the electrolyte 
concentration to the power density] 
(Example 8) 

The lithium manganese oxide (LiMn0 2 ) having the average 
particle diameter of 3 \im was used as the positive electrode active 
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material. 75wt% of the positive electrode active material, 10wt% of 
acetylene black as the conductive substance and 15wt% of PVDF as ihe 
binder were mixed in NMP and coated on the aluminum foil (collector). 
Thus, a plurality of the positive electrodes having the active material 
5 layers with the different thicknesses were fabricated. A plurality of the 
rechargeable lithium batteries were fabricated by using these positive 
electrodes, the negative electrode containing the negative electrode active 
material, which consists of the metal lithium, and the electrolytic solution 
that consists of the mixture of PC and DMC (volume ratio 1:1) dissolving 
10 LiBF 4 with the concentration of 2 mol/1 therein. 
(Example 9) 

g3 The rechargeable lithium ion battery was fabricated by using the 

; B same method as that of Example 8 except that LiBF 4 with the 

7i concentration of 1 mol/1 was used as the electrolytic solution. 

dJ5 Fig. 13 shows the relation between the thickness of the active 

^ material layer and the power density (a relative value when setting t tie 

h& power density at the time of 100 |im in the layer thickness of Example 9 

^ as 1) of Examples 8 and 9. As shown in Fig. 13, when the thickness of 

the active material layer is 20 - 80 \xm, preferably 20- 60 \xm, high power 
1120 densities are obtained. The power density of Example 8 having the 
J!i preferable electrolyte and the electrolyte concentration was twice as high 
§=& as that of Example 9. 

The entire contents of Japanese Patent Application P2000-257766 
25 (filed August 28, 2000) are incorporated herein by reference. Although 
the inventions have been described above by reference to certain 
embodiments of the inventions, the inventions are not limited to the 
embodiments described above. Modifications and variations of the 
embodiments described above will occur to those skilled in the art, in 
30 light of the above teachings. 

The scope of the inventions is defined with reference to the 
following claims. 
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